Within the framework of the perturbative QCD approach, we calculate the time-like B c B c (B * c ) form factors F (Q 2 ) and A 2 (Q 2 ). We include relativistic corrections and QCD corrections, either of which can give about 20% correction to the leading-order contribution, but there are cancellation effects between them. We calculate the cross sections of the e + e − → B − c B + c (B * + c ) processes. The cross sections are enhanced at the Z pole to be σ P P (Q = m Z ) ∼ 1.3 × 10 −5 pb and σ P V (Q = m Z ) ∼ 2.5 × 10 −5 pb, which are still too small to be detected by proposed e + e − colliders such as the Circular Electron Positron Collider.
INTRODUCTION
The study of the B c meson is of special interest, since it is the ground state of the doubly heavy-flavored (bc) system, which is unique in the Standard Model. Both production and decay processes of the B c meson contain rich heavy quark dynamics, so they are worthy of systematic study. Experimentally, observations of B c mesons are so far available only at hadron colliders [1] . Hadron colliders only provide limited knowledge of the production of B c mesons because the total collision energy cannot be well controlled. For B c production in e + e − colliders, the total collision energy can be well controlled and many meaningful observables, such as the angular distributions of final states, could be measured. Despite these advantages, the B c meson has not yet been observed in e + e − colliders [2] . The production rate is too small to have been observed at LEP. Nowadays, several high luminosity e + e − facilities are proposed, such as the International Linear Collider (ILC), Circular Electron
Positron Collider (CEPC), and Future Circular Collider (FCC-ee). These e + e − colliders could provide us with the opportunity to produce B c mesons, especially at the Z-pole.
There are many studies of B c meson decays [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The semi-inclusive production of the B c meson has also been investigated extensively [19] [20] [21] [22] [23] . However, the knowledge of B c production in exclusive processes is very limited. To deal with hard exclusive processes involving heavy quark-anti-quark systems, two kinds of factorization approaches have been proposed in the literature. One is the non-relativistic QCD (NRQCD) factorization approach [24] [25] [26] [27] , in which the amplitude of the process can be factorized into the product of the shortdistance coefficient and NRQCD matrix-element. In the other approach (called collinear factorization) the amplitude of the production process can be expressed as a convolution of the hard-kernel and the universal light-cone distribution amplitude (LCDA) [28, 29] . The 
andφ P (x),φ V (x) andφ ⊥ V (x) are LCDAs of pseudo-scalar, longitudinally polarized and transversely polarized vector B c mesons, respectively. Using the "re-factorization" scheme [30] , the B c -meson LCDA has been calculated to next-to-leading order with respect both to the coupling constant and the velocity of the heavy quark [31] [32] [33] [34] .
Collinear factorization breaks down if there exists an endpoint singularity. A solution is to introduce a transverse momentum to the parton, which is called k T factorization. The PQCD approach based on k T factorization has been employed to study a large number of exclusive processes [35] [36] [37] [38] [39] , including pair production of light mesons [40] [41] [42] [43] . In the present paper we will employ the PQCD approach to study the exclusive B c meson pair production processes, i.e. e + e − → B c ) processes using PQCD approach. Numerical analysis is presented in the third section. The last section gives a summary.
II. TIME-LIKE FORM FACTORS IN THE PQCD APPROACH
The differential cross section of e + (k
where s and s ′ are the spins of the ingoing electron and positron respectively. The momentum transfer q = k + k ′ = P + P ′ and the energy scale Q = q 2 . The amplitudes are
where T 
where the equation of motion has been employed. Furthermore, form factors V q (Q 2 ) and A q 1 (Q 2 ) vanish at leading power at tree level, and will not be considered in this work.
Substituting the above amplitudes into Eq. (5), we have
where
. For the B c B * c channel, we have
In the proposed forthcoming accelerators, the collision energy in the center-of-mass frame is much larger than the masses of the b quark and c quark. In this paper, we concentrate on the leading power result of the relevant time-like form factors. Power suppressed contributions, such as quark mass effects and corrections from higher-twist LCDA, which may be important when Q 2 is not large enough, will be neglected in our calculations. In the 
wherex = 1 − x. The hard function is:
The TMD wave function is:
where Σ(x, b) is the transverse momentum dependent part. The LCDAs can be expressed in the following expansions,
where the superscript (i, j) denotes the order of α s and v 2 -expansion. In order to express the form factors in terms of α s expansion, we write
T when the energy scale Q is large, thus we can drop the transverse momentum in the quark propagator. Then form factors can then be simplified as
where S I (x, y, b, Q, µ) ≡ S(x, b, y, b, Q, µ) and the Hankel function H
are related to F (b,c) at tree level, as shown in Eqs. (A18,A19):
The QCD corrections to form factors are of great importance in theoretical analysis. In the PQCD approach, NLO corrections to the time-like pion electromagnetic form factors have been calculated by Li et al [42] . In this paper, we consider NLO corrections to the form factors F q . The calculation of NLO corrections in the PQCD approach is tediously complicated. To simplify the PQCD calculation, the hierarchy xQ
T is postulated. As the quark masses have been neglected, the NLO hard kernel can be borrowed directly from [42] :
where 
and ln δ 12 ≡ ln
Including the NLO hard kernel and performing a Fourier transform of Eq. (19), we derive the TMD factorization formula of form factors F q at leading power,
III. NUMERICAL ANALYSIS
The most important nonperturbative input is the LCDA of the B c meson, which can be studied with non-relativistic QCD effective theory as both internal quarks are heavy. At tree level and at leading order in the expansion over the relative velocity, the quark and the antiquark simply share the momentum of the meson according to their masses,
If we include the gluon exchange effect and the power correction relevant to the quark velocity, the parton configuration will be changed. Explicit expressions ofφ (0,1) (x) are given by [33] φ
where M = m b + m c and q 2 P,V are the mean values of q 2 in scalar and vector B c mesons respectively. For QCD corrections to the LCDAs, we havê
with
Here we adopt the NDR scheme of γ 5 , as the NLO hard kernel is also obtained in this scheme. The ++-and +-distributions are defined as
where g(x) is a smooth test function. Because LCDA with v and α s corrections contains a Dirac-δ function or plus distribution, we need to integrate over the momentum fraction x first. The results are given in the Appendix.
For the TMD wave function, we use
The input parameters are listed in Table I . We are now ready to evaluate the numerical results of the form factors and cross sections.
We first concentrate on the Q dependence of the time-like form factors. In the PQCD approach the time-like form factors are complex, as the internal quark line may be on-shell.
The absolute values of form factors F c and F b are plotted in Fig. 2 . We do not show form pair in an e + e − collider at the Z pole. This result is quite different from BB production, which is enhanced by a low energy resonance. For single B c production in semi-inclusive processes, the cross section is much larger [23] , and can be reached by a high luminosity e + e − collider. 
n (x) = J n (x) + iY n (x). We use the LQCD decay constant [45] f B = 0.489 GeV. The Sudakov factor is S (x, b 1 , y, b 2 , Q, µ) =s(x, b 1 , Q) + s(x, b 1 
1 (x 0 Qb)
One-loop level
The NLO correction from the hard kernel is:
0 (x 0 Qb) .
We add the one-loop corrections from the two wave functions together. We rewrite the wave function as :
The NLO corrections fromφ I are:
The NLO corrections fromφ II are: 
